Mississippi State University

Scholars Junction
Honors Theses

Undergraduate Research

4-14-2015

Determining the photometric capabilities of the CTIO 0.9-m
telescope
Cameron Clarke

Follow this and additional works at: https://scholarsjunction.msstate.edu/honorstheses

Recommended Citation
Clarke, Cameron, "Determining the photometric capabilities of the CTIO 0.9-m telescope" (2015). Honors
Theses. 18.
https://scholarsjunction.msstate.edu/honorstheses/18

This Honors Thesis is brought to you for free and open access by the Undergraduate Research at Scholars
Junction. It has been accepted for inclusion in Honors Theses by an authorized administrator of Scholars Junction.
For more information, please contact scholcomm@msstate.libanswers.com.

Determining the photometric capabilities of the CTIO 0.9-m telescope
Cameron Clarke and Angelle Tanner
Department of Physics and Astronomy
Mississippi State University,
Mississippi State, MS 39762-5167
(Dated: April 27, 2015)
Exoplanet detections are becoming more and more frequent as our ability to detect transits and
Doppler shifted stellar spectra improves. Here, we report on eight observing nights at the SMARTS
0.9m telescope in Chile at the Cerro Tololo Inter-American Observatory (CTIO), covering 13 nearby
stars in the range of 11th to 14th visual magnitude. We used the defocus method to spread the point
spread function (PSF) of the star across a larger portion of the CCD to achieve longer exposure
times yielding a higher signal to noise ratio and a higher amount of data every night as less time was
spent on CCD read-out and data storage over time. Spreading the PSF and increasing exposure time
has drawbacks, as it inevitably increases the sky background in each image and makes it difficult
to extricate the target star’s PSF from a crowded background of neighboring stars. We explore the
short term, high time-resolution ability of the 0.9m CTIO telescope to produce stable photometry
of M-dwarfs. The results show that the 0.9m telescope can be used to produce stable photometry
to near 2 to 3 milli-magnitudes if user error does not introduce artificial noise. We can use this
telescope to compare the noise of stars to the predictions of starspot models. There is also value in
searching for a correlation between photometric and radial velocity noise in stars that could mask
or produce false positive exoplanet detections.
I.

INTRODUCTION
A.

Exoplanets

Extra-solar planets, or exoplanets, which are planets
orbiting stars other than our own Sun. Since the first sign
of the detection of exoplanets in 1994 by Alexander Wolszczan, there have been thousands of exoplanet discoveries by astronomers around the world.[1] The search for
other worlds like our own has sparked the interest of human society, and we have just now entered an era where
it is possible to find planets potentially habitable, like
Earth, both inside of our solar system with unmanned
missions, and also outside of our solar system using various newfound detection techniques utilizing telescopes
ranging from backyard amateur surveys all the way up
to the finest space telescopes. However, understanding
the existence and characteristics of exoplanets is interesting for more than just satisfying our innate curiosity.
According to the Howard et al. (2013) exoplanet review
in Science, we want to understand the populations of exoplanets to place our own solar system in context with
the rest of the galaxy and to understand more fully how
planets form. Although the detailed in situ study that we
are capable of performing on bodies within our solar system is impossible for extra-solar planets, this is made-up
for by the sheer quantity available to exoplanet surveys.
[2]

1.

Exoplanet Detection Techniques

The first detection of planets around a host by Alexander Wolszczan in 1994 was made by observing the variations in the radio signal given o↵ by a pulsar. The detec-

tions remain in question, and the fact that the planets
are orbiting such an inhospitable host, makes them uninteresting in terms of habitability.[1]
There are several prevalent detection techniques for
finding exoplanets. What one might expect to be a useful method of finding exoplanets is direct imaging, and
yet it is the hardest to accomplish. This is due to the im-

FIG. 1: Using adaptive optics and coronographic imaging the
GPI team was able to directly image four planets (three in
the frame shown) around HR 8799. Image credit: Christian
Marois (NRC Canada), Patrick Ingraham (Stanford University) and the GPI Team.
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FIG. 3: Cartoon depiction of the lensing of a star-exoplanet
system on a background source. [1]

FIG. 2: Simulated position of the Sun on the sky caused by
the mutual orbit of it and Jupiter about their center of mass
as at it should appear from 33 light-years away.[1]

mense challenge of resolving the planet and star, which
are too close to each other relative to how far away both
are from the Earth-based telescopes, and due to the faintness of the exoplanets at such small distances from their
host stars. An example of successful direct imaging on
the planets orbiting HR 8799 is provided in Figure 1, but
only planets sufficiently bright compared to their parent
stars can be observed, precluding the discovery of earthlike exoplanets closer in.
Another technique, capable of discovering more massive planets, takes advantage of the fact that two objects in Keplerian orbits will orbit the center of mass of
the system. This allows for astrometric measurements
of the host star’s movements through space to determine
the existence of a nearby massive companion, even if the
planet itself is too dim for direct observations to detect.
An example of what such a detection would look like is
shown in Figure 2. This technique is also limited to more
massive planets whose host stars are relatively close to
Earth-based observatories and requires enough time to
show the movement of the host star over several orbital
periods, and consequently has been unsuccessful for exoplanet discoveries.
Gravitational microlensing, the e↵ect of the relativistic curvature of space time due to a massive object, allows for the detection of planets around host stars by observing the small characteristic changes in position and
brightness of background stars.[1] The host star acts as
a gravitational lens for a background star, but periodically the companion planet modifies this signal, in what
is called microlensing, allowing for detections of planets
in this indirect method. An example of how lensing works

is shown in Figure 3. Microlensing is useful, but makes
follow up observations difficult due to the sensitivity of
gravitational lensing to the proper motion of the lensing
system. Additionally, lone and rogue planets traveling
in front of sources, due to their chance occurrence, are
hard to study in detail to really determine many characteristics of the planet. These studies use photometry
to detect the slight variations in the brightness of background stars and so are limited in the same way as transit
detections.
Searching for exoplanet transits is the current workforce of planet detection methods. Searching for transits takes advantage of the fact that planetary systems
are randomly aligned with respect to any preferred reference plane. Overall, nearly 1 percent of all systems
will be aligned with the planet and host star in nearly
a direct line with the Earth-based observatories. This
technique detects the characteristic dimming of the host
star’s flux as the exoplanet travels between the star and
the observer, blocking some percentage of the light for
up to a few hours. With these detections it is possible
to determine many characteristics of the system, especially when paired with additional kinds of observations.
A characteristic light curve (the flux observed as a function of time) is shown in Figure 4 showing the gradual
dimming, diminished flux, and then gradual brightening
as the planet moves across the face of the star. According to Howard et al. (2013), though it is not spatially
resolvable, a Jupiter mass planet orbiting a sun-like star
would produce a 1 percent dip in the flux and is observable by many ground based observatories, while an Earth
mass planet would only produce a 0.01 percent dip and
requires sophisticated space based observatories like the
Kepler Space Telescope.[2] Large transit surveys, such
as the Kepler mission or extensive ground-based surveys,
are capable of learning about the populations of exoplanets but are only able to detect systems in the correct
alignments with the Earth and need to have follow up
observations to establish the periods of the orbits.
One of the most successful techniques for detecting exoplanets uses the characteristic Doppler shift on the spectra of host stars. As the star orbits the center of mass of
the star-exoplanet system it will travel towards and away
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FIG. 4: Cartoon visualization of a typical transit light curve
of an otherwise unresolvable planet-host system. [1]

from the Earth, shifting the wavelength of the emitted
light as a function of the velocity radially towards and
away from the Earth. This radial velocity (RV) method
can be used by telescopes with echelle spectrographs. According to Howard et al. (2013) recent surveys have obtained precisions on the order of ⇠ 1 m/s which can detect planets of several Earth masses with orbits on the
order of an astronomical unit. [2] An example of what
an RV signal would look like is shown in Figure 5, also
depicting the Rossiter-McLaughlin e↵ect, which is the
additional RV signal of a transiting planet blocking out
portions of the light from the section of the rotating host
star that are shifted towards or away from the observer
based on which side of the rotating star is blocked by the
transit. As RV measurements improve in precision, the
sensitivity to systems similar to our own solar system will
also improve, though cost of such studies and the intrinsic variability and noise of the host stars will increasingly
play a prohibitive role to such discoveries.

2.

M-Dwarfs as Exciting Exoplanet Hosts

There are several reasons why astronomers searching
for habitable planets would want to focus on M dwarf
stars, highly abundant low mass stars with low temperatures. Henry et al. (2006) report that nearly ⇠ 70% of
stars in our solar neighborhood are M dwarfs.[4] Not only
are M dwarfs the most abundant star in the neighborhood, but based on analysis of the Kepler transiting exoplanet mission they are also more likely to host terrestrial
planets than other types of stars.[5, 6] However, finding
exoplanets around M dwarfs requires advanced infrared
spectrometers, and the stars su↵er mostly from flare
and starspot noise which could prohibit detections.[3]
M dwarfs’ low temperatures mean that their habitable
zones for Earth-like planets are closer in than brighter
and hotter stars such as the Sun, and their lower mass

FIG. 5: Cartoon depicting (a) how the traniting RV system
looks when resolved, (b) how a Flux and RV signals would
look for any exoplanet around a host star (dotted lines) as
well as a transiting planet (solid lines) which allows for measuring the obliquity of the orbit from the Rossiter-McLaughlin
e↵ect, and (c) how these signals would look over several orbital periods. [2]

means that close-in Earth-mass exoplanets are easier to
detect with RV for M dwarfs than more massive stars.
In fact the current most Earth-like habitable exoplanet
known was discovered using the Kepler telescope, Kepler186f.[7] However, according to recent RV surveys, nearby
M dwarfs are less likely to have Jupiter mass planets than
F,G,K, and A stars, which could be important, consid-
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ering the possibly huge role Jupiter may have had in the
early history of our solar system and the development of
life on Earth.[8] Finally, the signal of a transiting Earthmass planet is inversely proportional to the square of the
radius of the host star. Therefore, determining the composition of transiting planet atmospheres with transmission spectroscopy on the James Webb Space Telescope
is easier for planets around M dwarfs. Altogether, this
means that the search for life outside of our solar system
should focus first on looking at nearby M dwarfs.
Of particular interest in the search for exoplanets is the
controversy over the M dwarf Gliese 581 system. Up to
six planets had been discovered in the system using the
RV method, but there was controversy over the confidence of the discovery of two of the planets until a study
was done by Baluev (2012), taking into account correlated noise, or what is called “red noise,” factors in the
RV signal, rather than assuming only white noise.[9] Correlated red noise allows for noise factors to occur periodically, meaning that the periodigram may have structure,
rather than staying flat as the white random noise model
assumes.
According to Baluev (2012), correlated noise that
shows up in both RV and photometry data can mask
real periodic signals and can falsely give the same level
of jitter as random noise, as is demonstrated in Figure
6. They go on to determine at least two of the Gliese
581 planets, and possibly a third, to be the results of
noise that shows up periodically, correlated to the period of the star’s rotation. They go on to warn that this
so-called “red” noise in RV that is similar, and possibly correlated to known “red” noise in photometric light
curve data, may be a prevalent source of prohibitive noise
for many stars. Although the mechanism is not understood, it could very well be due to intrinsic variability in
the stars caused by starspots (dark regions analogous to
sunspots).
Additionally, Howard et al. (2013) states that for
Earth-mass planets in the habitable zones of their host
stars, the current best spectroscopes are not yet capable
of reaching the necessary RV precision, and that even if
they were, many detections could be prohibited by RV
jitter masking the planetary signal.[2] Consequently, it is
important that we achieve an understanding of starspots
and other sources of stellar and instrumental variability.
Such an understanding should take into consideration the
possibility for noise correlations such as those which have
recently shown exoplanet detections to be false positives,
though it may require large RV data sets to correct for,
when using the techniques put forth in Baluev (2012)
and their earlier works. We must also consider the possible masking of planetary signals underneath RV noise, as
well as the technological and economic hurdles that must
be overcome to reach the precisions required to detect
potentially habitable planets. Understanding sources of
variability now will make future, more precise RV observations more useful and help prevent more errors, like in
the case of Gliese 581.

FIG. 6: Simulated data showing the di↵erence between random noise (background gray) and correlated noise (red line)
both producing the same variance in the RV signal. [9]

FIG. 7: Simultaneous transit of Venus across the Sun as well
as several sunspots. Image courtesy of wikimedia commons.

B.

Stellar Variability
1.

Starspots

According to Strassmeier (2009), starspots are analogous to the familiar sunspots that dot the surface of
our Sun. These spots are ubiquitous, a✏icting nearly all
stars.[10] According to Berdyugina et al. (2005), many
stars exhibit spot cycles analogous to the 11-year solar
cycle that occurs on our own Sun, implying that starspots
can be used to help understand the magnetic dynamo in
the Sun and the sunspots it generates, and vice versa.[11]
Sunspots, and therefore starspots, are generated by local magnetic fields that are on the order of 100 times
stronger than the rest of the stellar magnetic field.[10]
These dominant magnetic fields prevent the flow of energy from the star’s interior to its surface, thus cooling
the regions where field protrudes. These spots can be
around 1000 Kelvin cooler than the rest of the star and
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thus will give o↵ less light, a↵ecting the observed flux,
depending on their size and di↵erence in temperature.
Starspots can range in size from very small to up nearly
30% of the star’s surface or more and may last anywhere
from hours to months, traveling around the surface of
the host star as it rotates. An example of several small
spots on the Sun during a transit of the planet Venus is
shown in Figure 7, showing the similarity in appearance
between planets and starspots in the visible portion of
the spectrum.
Hatzes et al. (1999) and Strassmeier (2009) warn that
starspots are capable of artificially producing the RV signal of a planetary companion as the starspot blocks part
of the light emitted from one limb of the rapidly rotating photosphere.[10, 12] The starspot blocks part of the
spectrum and produces an artificial radial velocity signal
that may or may not be periodic, depending on the orientation of the spot and the star’s rotation axis. Although
starspots are not the only source of RV and photometric
stellar variability, they, along with several other e↵ects,
have been modeled by Boisse et al. (2011), Reiners et
al. (2010), Catanzarite, Huerta et al. (2008), and Dumusque et al. (2014) to gain a better understanding of
the RV signals they can produce as a function of various parameters.[13–17] One of these other parameters
is the linear scaling of RV jitter with rotational velocity
of the host star, which means it is entirely possible to
mask a planetary signal with noise given the right stellar
conditions.[17]
RV measurements of around 10 cm/s are required to
detect Earth-mass planets in the habitable zones of Sunlike stars, and even with modern telescopes, whose precisions are down to 1 m/s (Marcy et al. 2013), we cannot neglect inherent astrophysical noise washing out such
small signals from Earth-like planets.[18, 19]
Radial velocity searches are a good technique to use
for finding exoplanets, but due to the amount of time
required to disentangle noise and the value of telescope
time in such surveys, it would save time and money to
understand in advance which stars are prohibitively noisy
before trying to include them in exoplanet surveys. So
the question arises, how do we tell the di↵erence between natural stellar variability and exoplanet signals?
It is not immediately obvious how to disentangle the
many types of noise a star can produce, but there is
some hope. Of the di↵erent reviews, models, and simulations listed above, they can usually distinguish between a
large starspot and the RV signal from a planet. However,
the long baseline required for the data to be resolved by
these analyses or the wide wavelength range of the spectroscopy required to determine the nature of a signal are
prohibitive.[9, 13]

2.

Providing Stellar Variability Limits

One way to investigate the impact of stellar variability on exoplanet detections around M dwarfs is to search

for correlations between flux jitter and RV jitter. If the
noise of photometric signals on very short time scales
(less than 8 hour time series) correlates to RV noise on
similar or longer time scales, then this could be a powerful
and cheap tool to provide variability limits, saving time
and money on future RV exoplanet surveys. We want
to investigate and test correlations between RV and flux
jitter, but we first need to find telescopes capable of operating in the high precision scales relevant to exoplanet
detections.
In the case of M dwarf host stars, whose particular interest for exoplanet detections is described above,
the precision scales of relevance can be roughly derived.
From Eriksson & Lindegren (2007) there is a simplified
relationship between the photometric variability and the
predicted RV jitter due to a single starspot of
RV

[m/s] = 0.375V Sin(i) V,

where V Sin(i) is the rotational velocity and V is the
photometric variability.[20] Solving for the photometric
variation, V , expected from known RV jitter and stellar
rotational velocity yields
V [magnitudes] =

RV

0.375V Sin(i)

.

(1)

For the M dwarf GJ876, which is known to host three
exoplanets (Rivera et al. 2005), the signal produced by a
hypothetical fourth planet of the same mass as the Earth
in that star’s habitable zone would yield an RV signature
of 3 m/s.[21] To see what kinds of conditions would be
required to produce the same RV signal of 3 m/s with
a single starspot we can assume a typical stellar rotational velocity of 4 km/s (Mohanty & Basri 2003) and
solve for V in Eqn.1 above.[22] In such a case we obtain a photometric variability of 0.002 magnitudes, or 2
milli-magnitudes (mmags). Therefore, in order to probe
photometric variability at a level we expect for starspots
that could inhibit planet detection to produce, we must
use instruments capable of reaching into lower mmag precisions.
In order to get a qualitative look at the expected variability limitations of photometry we can look at the range
between the precision of the Kepler space telescope and
the MEarth ground based survey. We can also get predictions of the magnitude of signals we should expect and
further justify the potential for RV and flux jitter correlations by taking advantage of available starspot simulation
software. To measure variability correlations directly we
want to utilize well known, stable telescopes that can
obtain RV and flux measurements simultaneously. The
SMARTS 0.9-m and 1.5-m telescopes at the Cerro Tololo
Inter-American Observatory in Chile (CTIO) are good
candidates for this endeavor as they are trusted instruments, next to each other both at CTIO, and time can
be obtained for both from NOAO or by buying SMARTS
time. Therefore we first must test the 0.9-m telescope
to see if it can obtain photometry that is precision limited by the astrophysical jitter rather than instrumental
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noise, within the expected ranges from the theoretical
calculation above and from simulations. Previous studies (Gao et al. 2011) have shown the 0.9-m to be stable
within 7 mmags over month to year timescales, and so
we want to use this as a starting point, along with new
defocussing observation techniques, to determine the precision on short time scales of less than 8 hours.[23]

starspots are responsible for considerable jitter in RV and
flux and that in both cases the relationships are similar,
if not the same. We consequently expect to be able to
find correlations between one observable variability and
the other and to be able to use those correlations predictively.

3.
II.
A.

Expectations for RV and Flux Jitter
1.

SOAP 2

One of the more recent publicly-available stellar variability models is the Spot Oscillation And Planet 2.0
(SOAP2) program provided by Dumusque et al. (2014).
This model can place up to four spots of varying size
and latitude on a star whose parameters may be varied
as well.[15] We used this program to obtain an initial
estimate of flux and RV jitter signals for di↵erent conditions. From the Dumusque et al. (2014) paper, we get
Figure 9, which among others, shows that although flux
jitter is not a function of stellar rotational velocity, it can
scale the same as the RV jitter with other factors such
as starspot size. Results from simulated RV and photometric data are displayed in Figure 8 which shows that
for parameters characteristic of M dwarfs we should expect to see up to 4mmag photometric flux jitter and 2
m/s RV jitter over one stellar rotation period when host
to two spots and rotating at a rate once every 10 days.
This simulated result agrees with the predictions made
from the Eriksson & Lindegren (2007) relationship with
Eqn. 1 above.
2.

Kepler

PROCEDURE

Catanzarite’s Starspot Model

To further explore the potential relationships between
RV and flux jitter we utilized Matlab code written by
Joseph Catanzarite which allowed us to control many
stellar parameters of the starspots and the host star, including inclination and rotational velocity as shown in
Figures 10 and 11.[14] The way this simulation works
is by randomly generating new starspots using historical
data from the Sun as a source, thus allowing for very long
term patterns such as the Solar Max cycle to play a part.
Simply looking at the relationships, rather than treating
this simulation as a perfect model capable of correcting
contaminated data as some simulations attempt to do, we
learn several things. As expected, the RV jitter depends
directly on the rotational velocity, though the flux jitter
does not. The random variations in the plots in the figures comes from the random starspot production model
used in the code and serves to show how much variation is
possible even when running for several years of simulated
data. Qualitatively, given the right host star conditions,

To see what kind of variability signals we should expect from physically similar stars, we look at some of the
Kepler Space Telescope’s results. Due to the precision of
Kepler, we expect the photometry coming from it to be
limited only by stellar noise down to very small signals.
In order to get a good idea for variability limitations from
Kepler’s data, we used the public Kepler light curves
available from the NASA Exoplanet Archive. Because
the data are processed by the Kepler team, providing
quality aperture photometry that has several systematic
factors corrected for already, all that remains for the user
is to take the di↵erent quarters’ short and long cadence
data and piece it together. This was done using a stitching technique that assumes the data are supposed to be
fairly continuous, but the final results we care about for
comparisons only need to span the course of one night
of observing from the ground ( 8 hours), so just one
quarter of data can be used to characterize short term
variability. We find the standard deviations (jitter) of
the short term photometric signals to be on the order of
1 to 2 mmags or less, as shown in sample light curves in
Figure 12. Additionally, we took a sample of 67 Kepler
targets and obtaining the jitter for their entire available
light curves we find some characteristic expectations for
long term stellar noise, spanning months to years. The
lowest jitter in the set was 0.31 mmags, the highest was
291.96 mmags, while just 3 of the 67 stars had photometric jitter above 100 mmags and only 3 had jitter below 1
mmag. The median jitter is 2.28 mmags, reinforcing our
expectation that 2 mmags is a reasonable level of stellar
photometric noise.

4.

MEarth

Similarly we want to know what to expect in terms
of ground-based instrument limitations by looking at
MEarth, which is an M dwarf exoplanet survey using
small and cheap telescopes to obtain large quantities of
photometry data, primarily looking for initial transits for
better equipped follow up observations.[24] The MEarth
team provides a plethora of analyzed light curves, allowing us to simply plot them and compute their photometric jitter. Looking at the MEarth dataset, we investigate the project’s ability to look at long-term variability.
We took the 309 available light curves from the MEarth
public data and we obtained their photometric jitter to
find some characteristic expectations for long term stellar
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FIG. 8: Graph of photometric flux (top) and RV (bottom) signals, simulated with the SOAP2 program, shown over one full 10
day stellar rotational period for a typical M dwarf with two starspots.[15]

FIG. 9: Peak-to-peak amplitudes of the photometry (green),
RV (solid), bisector span (dashed), and FWHM (dotted) signals induced by a spot as a function of starspot size for two
di↵erent V Sin(i) values. The photometric jitter is independent of rotational velocity, but all the signals depend on the
size of the starspot.[15]

FIG. 10: Simulated flux and RV jitter over long time scales
for varying rotational velocity showing the dependence of RV
signal alone.

B.

CTIO 0.9-m Telescope
1.

noise, spanning months to years. The lowest jitter in the
set was 3.76 mmags, the highest was 672.56 mmags, while
just 25 of the 309 stars had photometric jitter above 100
mmags, and the median jitter is 14.09 mmags. Taking
these results into mind and looking at the shorter term
variability in the example light curves shown in Figure
13, which looks at timescales approximately spanning one
night of observations ( 8 hours), we expect to be able
to see stellar variability on at least a
4 to 8 mmag
scale with ground based photometry before running into
instrumental limitations, though lower would be better
for probing RV and flux jitter correlations.

Observations

To begin investigating possible correlations between
RV and flux jitter we need access to telescopes capable of
reaching the precision necessary for detecting stellar variability on the low levels of interest for habitable planets.
We need photometric stability down to a level capable of
measuring variability of 2 mmags. Consequently we chose
to utilize the CTIO SMARTS 0.9-m telescope because of
its several-decades-long history of consistency with long
term parallax measurements as well as its study of the
variable star AP Col.[23, 25]
Therefore we took eight nights of data, starting the
beginning of the night of February 14th, 2013, and ending the morning of the 22nd, at the 0.9-m telescope at
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TABLE I: Target stars for our precision calibration run at the
0.9-m telescope at CTIO. Mass is given in terms of the mass
of the Sun, and the magnitudes are absolute.
Target
Spect.Type Mass
APCOL
M6
0.085
CD-25 4991
B8V
GJ 0358
M3
0.15
GJ 0443
M3
0.15
GJ 0480.1
M3
0.15
GJ 0555
M4
0.125
GJ 1088
M3.5
0.15
GJ 1129
M4
0.125
GJ 1214
M4
0.125
GJ 318
WD
LHS 272
M3.0
0.15
SCR 1425
M
WT460
M5.5
0.09

FIG. 11: Simulated flux and RV jitter over long time scales
for varying the inclination of the host star with respect to the
observer.

CTIO. This telescope has a 2048 x 2046 Tek CCD with
a 0.40100 /pixel resolution that retains linearity up to the
saturation limit of 65535 counts per pixel. We used the
central 1024 x 1024 pixels for our observations, giving us
a field of view of approximately 6.80 x 6.80 . During our
eight nights we observed 13 stars, most of which were
nearby, active M type stars, observing each for half or
whole nights with the CTIO VJ (Central = 5475 Å,
Johnson system) and IKC (Central = 8075 Å, KronCousins system) filters. A list of the target stars is given
in Table I. After taking dome flat and bias images we
pointed the telescope at a bright star, while the sky background continued to decrease, to ensure pointing accuracy. We used telescope defocussing to spread the PSF
(Croll et al. 2015, Southworth et al. 2013; 2009) of the
star across a larger portion of the CCD as shown in Figure 14.[26–28] Southworth et al. (2009) describes how
scintillation, atmospheric e↵ects, telescope tracking errors, and problems with saturating the charged-coupled
device (CCD) detectors serve to frustrate high precision
photometry but can be overcome by defocussing the PSF,
as long as user error is kept to a minimum.[27]
We defocussed the telescope by going up to a much
higher focus level than required for a well focused image
would require. We bring the focus down from this very
high value, letting the mechanical parts all settle, until
the PSF is approximately donut shaped and spread out
on the CCD. This amount of defocussing allowed for us to
safely take longer exposures without saturating. Several
times a night we would inadvertently saturate our CCD,
usually caused by the star coming more into focus as it
rose to a lower airmass over the course of the night, and

V mag
12.96
10.694
11.7
12.22
11.317
12.32
12.6
14.67
12.0
13.46
12.64
14.0

other times due to rapidly changing humidity and temperature conditions. We tried to balance defocussing the
target star to use longer exposures and keeping the stars
in the frame from overlapping their PSFs, and having
to compensate for seeing changes and keeping reference
stars in the frame as the telescope’s field of view slowly
drifted often resulted in accidental saturation and unnecessary telescope movement.
We used both the I and V filters, so that any V-I color
characteristics of the stars’ photometric noise can be detected. The used the older of the two available V filters
due to concern over the quality of the newer filter. The
stars we observed were mostly M dwarfs, and we looked
at AP Col, a noted variable star (Riedel et al. 2011).
Our targets were selected to give us a baseline for what
a variable star should look like and to test the ability of
the telescope to get precise photometry of M dwarfs.[25]
We also looked at GJ 1214 to observe a planetary transit. We observed a white dwarf, GJ 318, using it as a
test of our telescope’s ability to reach low stellar noise
versus instrumental noise, since it should have very low
flux jitter. We also observed CD-25 4991, a blue giant
star with a reported V-I color of -0.01 in order to monitor
any di↵erences in sensitivity between one filter and the
other.

2.

Data Analysis

To reduce the data obtained from our February run
we took the science data files, subtracted the bias image
and divided by the median of the flat field images. After
this correction bad pixels were removed with a 3 cut iterated 10 times to the whole image, replacing bad pixels
with the median of its neighbors.
After reducing the images we perform standard aperture photometry for each star using the IDL language,
using the aper function to find how much flux lies within
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FIG. 16: Defocussed PSF with a FWHM of about 10 pixels
and peaking at about 50k counts.

FIG. 15: Photograph of Cameron Clarke standing next to the
CTIO 0.9-m telescope for scale.

tently required using a large enough full-width-half-max
(FWHM) assumed value for a derivative search algorithm. Sometimes the FWHM was too low for the more
defocussed images to successfully compute the centroid.
Because the PSF is often spread out into a donut shape
with no peak at the center, as shown in Figure 16, the
resulting centroid from larger FWHM values often moves
around, requiring a larger aperture radius to catch all of
the star’s flux over the full run. With a FWHM of 20
pixels, which is just 1 pixel less than the largest aperture
radius that we had to use, centroid movement can be
minimized while still allowing for a successful centroid
computation for almost all of the most defocussed images we took. The o↵set of the frame between images is
tracked in an o↵set array which is used to shift all target
and reference star positions through the whole data set,
so one large error will propagate and must be corrected
by going back and relocating the target star positions
correctly.
We used a similar process to select the reference stars.
We took the first image from the data set for each target

FIG. 17: Array of normalized flux for the reference stars of
AP Col on the second night of observations in the I band.
Group motion represents changes in exposure time causing
CCD-wide shifts in flux. Fluctuations are potentially also due
to either bad aperture photometry failing to correctly handle
changing focus, airmass, and seeing. These shifts can a↵ect
the PSFs, making aperture photometry more complicated,
where one aperture radius is not ideal for the whole data set.
The fluctuations may also be inherent stellar variations of the
reference stars.

star and clicked on the location of each reference star.
This computes the centroid, and we then display a surface plot of nearby pixels centered on the resulting computed centroid location to check if the reference star was
not crowded, too dim or bright, influenced by bad pixels,
or too close to the edge of the frame. If the reference
star is good then its position is added to a list, otherwise
the process is continued until all the good reference stars
are selected from the first image of the series. Aperture
photometry is performed for these reference stars as well,
giving their flux in counts for each image.
The principle of the photometry calculation is that in
order to obtain light curves from the target star that
make any sense we must normalize it somehow to some-
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thing that we assume is not changing. In our case we do
not have standard stars in our frames of view, and so we
must assume that on average our group of reference stars
is staying approximately constant and any variation at
all is due solely to short term stellar variability in our
target star. This is the assumption of relative aperture
photometry and it allows us to make light curves and determine the jitter in the target stars.
To normalize the photometry we take the flux and
divide it by a normalization curve. The normalization curve is simply the median from an array of selfnormalized reference star light curves. Each of the reference stars is normalized to its own median value, an
example of them collectively is given in Figure 17, so
that the scale factor, which is the median of these reference stars’ normalized curves, is unit-less. The target
flux is divided by the scale factor and scales the target
star’s photometry to get rid of CCD-wide variations and
e↵ects of changing the exposure time (which we should
have avoided doing) over the course of the night.
We want to know what the variability of each target
star is, and so we convert the flux signal into magnitudes
and find the standard deviation of the light curves. To
get from flux to magnitudes we use the formula for magnitude
M ag(t) =

2.5[Log(F lux(t))

Log(M edianF lux)],

FIG. 18: Plot of photometric flux jitter ( ) vs. aperture
radius for GJ 358 taken on the 7th night of observations in
the V band. The optimal aperture radius for this light curve is
14 pixels, where the is 2.5 mmags and 10 out of 12 reference
stars is optimal.

which simplifies to
10

M ag(t)/ 2.5

F lux(t)
,
=
M edianF lux

and after taking the Taylor series expansion of 10x ,
approximating the first two terms, and solving for
mmag = 1000 · M ag(t) we get
✓
◆
F lux(t)
mmag ' 1000 ·
1
(2)
M edianF lux
as our conversion for the light curves from flux to millimagnitudes. This approximation overestimates the correct values by 8.5 to 10% for mmag values from 0.5 to
20mmags respectively, and so treating the relationship as
linear is a good enough conversion factor for these small
changes in brightness.
To optimize our selection of reference stars we emulate Croll et al. (2015).[28] We perform the photometry
normalization for the target star with respect to each individual reference star alone, finding the flux jitter from
the standard deviation of the light curve ( ). We store
the s for each reference star, and then rank the reference stars in order of increasing . We then iterate
through the list of reference stars in order from lowest
to highest, and use the grouping that produces the smallest overall jitter for the target star. Sometimes this ideal
grouping is simply one reference star, but this case is not
too common.
To fully optimize our analysis we need to choose the

best aperture radius as well. However, due to our occasional defocus level changes and the e↵ect of changing airmass and weather conditions throughout the night
there is rarely a single aperture radius that works best
for every single image in a data set. Therefore we do
the above analysis for aperture radii ranging from 5 to
23 pixels, since anything smaller than 5 pixels would certainly cut out too much of the target’s PSF and anything
larger runs the risk of overlapping other stars’ PSFs and
running outside the range of the 20 pixel FWHM from
the centroid computation. The code automatically does
the reference star optimization for each aperture radius
and uses the aperture radius with the lowest
as the
final result. A plot showing the e↵ect of changing the
aperture radius on the flux jitter is given in Figure 18.

III.

RESULTS

The results of our analysis for the February 2013 data
collected at the CTIO SMARTS 0.9-m telescope are given
in Table II and several example light curves are given in
Figure 19.
For the case of GJ 555 in the V filter several frames
gave an absurd of nearly 160 mmags, so to correct for
this we cut out all frames whose flux was farther than 3
away from the median value during the aperture radius
and reference star optimization process. For GJ 555 in
the V filter this sigma cut removed just 2 images and sig-
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FIG. 19: Several example light curves for di↵erent stars in both the I (left) and V (right) filters showing the relative shift in
flux from the median value in mmags. The y-axes are not shown on the same scale and the dashed lines represent the 2 limits
from the jitter calculations, where jitter = , and is the unweighted standard deviation of the light curve.

nificantly modified the final jitter result to its reported
value of 1.5 mmags. The entire analysis was performed
for each star using a triple iteration of this 3 sigma cut to
get rid of faulty images and outliers. The resulting jitter
values including this cut were around 10 to 20% smaller,
however the cuts ended up removing almost 10% of the
images, so the small gain in precision is does not warrant using this iterated outlier cut. Nonetheless, 6 of the
images, coming from the GJ 1129, GJ 555, and AP Col
observations, su↵ered from fatal aperture photometry errors relating to the aper routine, but in the long run this
is not a significant problem when saturated images are
removed from the data set by hand.
During our analysis, 7 of the 27 data sets had their light
curves optimized using just 1 reference star. This is not
ideal, but is not unheard of (Croll et al. 2015), and the alternative cases with several more reference stars included
only increase the resultant jitter by a few percent.[28]
Overall we see that the V band is slightly more stable
than the I band. This is expected, since most of the stars
observed are M dwarfs, which are brighter and more ac-

tive in the longer wavelength region of the spectrum.
Looking at the light curves obtained for AP Col, shown
in Figure 20, which we observed on the first and third
nights of observations, we find the data to be questionable for the second night’s V filter run, but otherwise it
appears trustworthy. In their long term coverage of AP
Col with this same 0.9-m telescope, Riedel et al. (2011)
report that over 6.48 years with 158 frames covering 27
nights of observations they find the flux jitter to be 17
mmags in the V filter.[25] Our rapid sequence time series
over two nights would lead us to believe that AP Col has
around a 6 to 7 mmag flux jitter for time scales less than
8 hours. Our short term result agrees to first order with
the long term value, which must fold in multiple flaring
events from this star which is known to be active.
The blue giant star CD-25 4991 was observed because
of its V-I color of approximately 0. We see that the jitter
in both filters for this B spectral type star is very low,
quite possibly right at the floor of our precision limit.
Consequently, as the di↵erence between the 1.6 mmag I
and 1.1 mmag V filters’ jitters is right at the edge of our
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TABLE II: List of target stars with their photometric flux jitter ( mmag) along with the optimal number of reference stars
and aperture radii (in pixels) for each night (day of the month of February 2013) in each band (V and I filters).
Day Target
14 AP Col

V/I
I
V
WT 460
I
V
15 AP Col
I
V
SCR 1425 I
V
GJ 1214
I
16 GJ 1088
I
V
GJ 555
I
V
17 GJ 318
I
V
GJ 480.1
I
V
18 LHS 272
I
V
19 CD-25 4991 I
V
GJ 443
I
V
20 GJ 358
I
V
21 GJ 1129
I
V

5.7
5.2
31.7
19.4
7.9
50.9
17.7
43.4
3.7
1.9
1.2
2.4
1.5
1.6
1.7
3.3
0.9
2.6
2.6
1.6
1.1
2.9
2.6
2.6
2.5
6.5
2.1

Ap-Rad Nref s Airmass Range
18
3
1.3 to 1.0
20
8
1.3 to 1.0
15
4
1.5 to 1.0
12
1
1.8 to 1.0
23
9
1.4 to 1.0
23
2
1.4 to 1.0
15
2
1.7 to 1.1
10
2
1.8 to 1.1
12
6
3.3 to 1.6
12
2
1.6 to 1.0
12
3
1.6 to 1.1
20
1
1.6 to 1.1
19
1
1.8 to 1.0
14
3
1.2 to 1.1
10
4
1.4 to 1.2
11
7
1.1 to 1.1
10
2
1.1 to 1.1
10
4
1.8 to 1.7
14
3
1.6 to 2.0
11
9
1.2 to 1.1
15
10
1.2 to 1.2
8
3
1.4 to 1.1
14
1
1.1 to 1.4
18
1
1.7 to 1.5
14
1
1.6 to 1.0
12
7
1.7 to 1.7
15
1
1.9 to 1.0

precision we can assume that the telescope is approximately equally sensitive to both bands. The white dwarf
we observed, GJ 318, was characteristically non-variable.
The star’s jitter is below 2 mmags for both filters we
used and since this result is comparable to the blue giant CD-25 4991 and both show stability well below AP
Col. Additionally, taking the median of the jitter values
for each filter, throwing out the anomalously high jitter
values (SCR 1425, WT 460, and the second V measurement of AP Col), we get i ' 2.75 mmags and v ' 1.9
mmags, so we are confident in claiming a 2 to 3 mmag
or better photometric precision for the 0.9-m telescope.
A possible cause for variation between the filters is
that most of the stars we observed were brighter in the
I band than in the V, as their spectra peaked in the infrared portion of the spectrum. Consequently, we had to
take shorter exposures when using the I filter, still obtaining higher total fluxes even then, and occasionally
running into saturation problems. We could have defocussed more, to allow similar length exposures, which
would have given us larger signals, but we wanted to leave
the defocus as constant as we could through the course
of one observation. As a result of the di↵erent relative
brightnesses of the target stars and of the reference stars
in the background between measurements in the I and V
filters we expect for there to be some systematic di↵erences, but this does not dissuade us from believing our

NBad

Notes
Variable
Crowded

2/32
Crowded
Transit

4/40
WD

V-I=0

2/125

results. The reason we took V and I measurements in
sequence like this was so that we could compare the relative e↵ectiveness of defocussing between the two, and it
appears that as long as integration time is utilized and
the stars are not too spread out on the CCD that this
method can be used to get better precision than otherwise possible.
The stars SCR 1425 and WT 460 both have unusually
high I and V jitter, most likely due to user error and
faulty analysis rather than instrumental or stellar variability. Both stars su↵er from a very crowded field of
view, requiring a much tighter focus to avoid PSF overlaps between neighboring stars and interfering in the sky
subtraction process. Additionally, it can be difficult for
the centroid to correctly chose the locations target and
reference stars out of the several stars’ peaks available
in tightly crowded fields surrounding correct locations.
Consequently a severe source of error may lie in several
of the frames accidentally using the wrong stars for the
targets, and this is more likely for the reference stars
which are always chosen to be fainter than the target.
Finally, we observed the transiting exoplanet system,
GJ 1214, solely with the I filter, during a transit of
its known super-Earth planet which was detected by
the MEarth project. According to the NASA exoplanet
ephemeris calculator the 52 minute transit’s midpoint
took place at 9:31 UT on February 16. We managed to
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FIG. 20: Light curves for the variable star AP Col from the first night (top) and the third night (bottom) given for the I
(left) and V (right) filters. The dashed lines show the 2 limit for the light curves. The bottom right light-curve shows several
anomalous data points, most likely caused by user error. These points can be removed with an iterated 3 cut to achieve
a precision of 5.0 mmags at the loss of 5 of the 37 science images. However, because AP Col is our standard for variability
we want to assume that what we are seeing is real, even if it means throwing out the data set due to dissimilarities with the
previous night’s data.

catch the beginning (⇠ 9:05 UT) and middle of the transit before the rising sky background of morning forced
us to stop, as shown in Figure 21. To obtain the lightcurve, the pre-transit data was analyzed separately to
optimize the reference star and aperture radius selection,
which was then applied to the entire light-curve. The
photometric jitter for the pre-transit data is ⇠ 0.36% or
⇠ 4 mmags. The observed transit matches the expected
timing and the transit depth shows up well above the
pre-transit light curve beyond the 4 level. The transit
depth of approximately 1.7(±0.4)%, or ⇠ 17(±4) mmags
matches, within the one sigma limit, the published result of 1.3% (⇠ 13 mmags) from David et al. (2009).[29].
This result is significant because it shows that not only
is the 0.9-m telescope capable of reaching stellar variability, but it is also capable of detecting and distinguishing
transits one order above the variability it appears to be
sensitive to.

IV.

CONCLUSION

Over all, the trend of our results, ignoring the few stars
with anomalously high jitter, appears to be that the 0.9m telescope is capable of reaching comfortably down to
2 to 3 mmag photometric precision, detecting real stellar variability. Additionally, we believe the lowest signals
we see indicate the maximum upper limit on the instrumental noise, and that this level of precision is not an
artifact of analysis due to the detection of a transit well
above noise. Additionally, we are confident because we
get similarly small jitters with both filters for a blue giant, we reach a lower jitter for a quiet white dwarf than
for the variable AP Col, and we get a short term jitter
for AP Col that is expectedly less than the several year
long-term measured variability with the same telescope.
The precision is better than the MEarth survey, which is
justified by the 0.9-m telescope’s history of stability and

15

FIG. 21: Observed transit in the I band of the GJ 1214 transiting exoplanet system. The jitter is 3.66 mmags, computed
using the pre-transit light-curve region alone.

the use of defocussing. However, the precision is not as
good as the Kepler Space Telescope is capable of obtaining, which is also expected and confirms that the results
obtained here are not anomalously too low.
Defocussing the telescope is a helpful tool to use for increasing the photometric precision. However, if we are to
use it again we will need to take care not to operate the
telescope near saturation and to be sure to defocus the
telescope enough at the beginning of an observation to
account for possible changes in the airmass or seeing that
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